Abstract: This study tested the hypothesis that pre-weaning supplemental arginine may have a carry-over effect on intestinal growth and development of piglets immediately after weaning. Fifty-four [Duroc × (Landrace × Yorkshire)] piglets were fed a milk replacer diet supplemented with 0 (control), 4, or 8 g kg −1 of L-arginine from d 4 to 21 of age (6 replicate pens of 3 piglets per group). Piglets were then weaned to a common corn-soybean meal diet and fed for another 21 d. On day 42, 6 pigs per treatment were randomly selected for blood and tissue sampling. Arginine supplementation improved body weight of the piglets on d 42, average daily gain during d 22-31 (P < 0.05). Supplementation of 8 g kg −1 arginine decreased feed:gain (F:G) ratio in piglets during d 22-31 (P = 0.010). Compared with controls, 8 g kg −1 arginine improved villous height in duodenum, jejunum, and ileum; villous area in duodenum and jejunum; relative intestine weight; and plasma contents of insulin at d 42 (P < 0.05). Arginine supplementation increased mucosal protein content in all 3 segments of the small intestine (P < 0.05).
Introduction
Intestinal health is crucial for the overall health, growth, and development of post-weaning mammals (Wang et al. 2012 ). Significant villous atrophy and crypt hyperplasia in the small intestine of piglets are often observed at weaning; these changes of intestinal histology accompanied by other changes of intestinal biochemistry always lead to decreased function of the intestine and contribute to diarrhea (Pluske et al. 1997) . Arginine plays an important role in improving the growth performance and small intestinal morphological development in piglets Tan et al. 2009; Wu and Morris 1998; Wu et al. 2004) . Wu et al. (2004) suggested that the growth-promoting effect of arginine in milk-fed piglets resulted from enhanced availability of this amino acid for synthesis of protein and nitric oxide, as well as increased insulin sensitivity in tissues. We previously found that arginine enhanced intestinal development, especially the relative weight of the small intestine, as well as increased height, area, and function of intestinal villi in piglets fed milk replacer diets through d 4-21 of age (Huang et al. 2011 ). The present study aims to exam whether the improvement of intestinal morphology at this stage is sustainable post weaning. Neonatal piglets were reared with or without supplemental arginine and then examined upon weaning on a typical nursery diet without further supplementation of L-arginine.
Materials and methods
Experimental procedures for this study were approved by the Animal Experimental Committee of the Institute of Animal Science, Guangdong Academy of Agricultural Sciences.
Animals and management
Fifty-four 4-d-old piglets [Duroc × (Landrace × Yorkshire)] (BW 1.98 ± 0.03 kg) were randomly allotted based on litter origin and BW to 1 of 3 treatments give 6 replicate pens (3 animals per pen). Piglets were housed in 1.8 m × 1.2 m × 0.8 m pens on slatted floors in a mechanically ventilated nursery room. The room temperature was 30 ± 1°C at the beginning, and was gradually reduced to 24 ± 1°C by the end of the 42-d experimental period, with supplemental heat provided by heat lamps in the first 21 d. Lighting was provided with 16 h light and 8 h dark.
During the first 21-d experimental period, piglets were fed 1 of the 3 liquid milk replacer diets (20% w/v freshly mixed aqueous suspension at 40°C) every 2 h from 8:00 to 24:00. The basal milk replacer (Table 1 ) met or exceeded recommendations for 3-5 kg piglets (National Research Council 1998) and supplied 7.9 g kg −1 arginine.
Supplemental L-arginine (4 or 8 g kg −1 diets) provided approximately 50% or 100% increases over that in the control diet and all 3 diets were made isonitrogenous with appropriate additions of alanine. After arginine treatment for 21 d, all piglets were weaned by switching to the same nursery diet (corn-soybean meal; Table 2) for an additional 21 d during which they were fed 4 times daily (7:30, 11:30, 15:30, and 19:30) . Piglets had free access to water throughout the experimental period.
Growth performance
Piglets were weighed on d 1, 10, 21, 31, and 42 of the experimental period and feed intake was recorded daily on a per pen basis. Using 10-d intervals, ADG, ADFI, and F:G were calculated.
Blood and tissue sampling
One pig out of each pen with BW closest to the average BW of the whole pen was selected (n = 6 per treatment) for blood sampling on d 21 and 42. Blood sampling followed 8 h of food deprivation (at 8 am). Heparinized blood was collected by jugular venipuncture (5 mL), centrifuged immediately at 3000 × g for 10 min at 4°C, and plasma was stored at −20°C. On d 42, the piglets selected for blood sampling (n = 6 per treatment) were killed with sodium pentobarbital (50 mg kg −1 BW, i.m.). The entire small intestine was collected and weighed after flushing out the digesta gently with PBS. Relative intestine weight was calculated as the weight of intestine divided by the individual BW of the sacrificed pig. Segments (2-3 cm) of the duodenum (5 cm distal to the pylorus), jejunum (middle of small intestine), and ileum (15 cm proximal to the ileocecal junction) were quickly isolated, washed with ice-cold PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 2 mM KH 2 PO 4 , pH = 7.4) and fixed in 10% neutral buffered formalin for 24 h. Additional portions (15 cm) of all 3 intestinal segments were opened longitudinally and thoroughly cleaned with ice-cold PBS, then intestinal mucosa was collected by scraping with a glass microscope slide and snapfrozen in liquid nitrogen and stored at −80°C.
Analysis of amino acids, insulin, and growth hormone in plasma
Plasma concentrations of free amino acids were measured in sulfosalicylic acid, protein-free, filtrates with an amino acid analyzer (L-8900, HITACHI, Tokyo, Japan), as described by Ma et al. (2010) . Plasma concentrations of insulin and growth hormone were determined by radio-immunoassays using reagent kits (Tianjin Jiuding Bioengineering Co. Ltd, Tianjin, China).
Small intestinal morphometrics
The relative weight of the small intestine was calculated as a percentage of BW of the sacrificed piglet. Formalin-fixed tissue was processed, embedded in paraffin (low melting temperature), sectioned (5 μm), dewaxed, and stained with hematoxylin and eosin for morphological examination, as described (Nabuurs et al. 1993) . Ten typical fields of each of 3 serial sections were captured with computer-aided video microscopy (DXM1200 C, Nikon Inc., Tokyo, Japan) by a blinded investigator. Villous height, villous radius, villous area, and crypt depth were measured and analyzed using NIS-Elements BR software version 2.20 (Nikon Inc., Tokyo, Japan) and Image-ProPlus (Media Cybernetics, Silver Spring, MD, USA). Villous height was defined as the distance from the tip to base of the villus and crypt depth as the distance from the base of the villus to the base of the crypt. Villous area was calculated, as described by Frankel et al. (1993) , and villous height to crypt depth ratio was calculated.
Analysis of intestinal protein and NO contents
Intestinal mucosal samples (1 g) were homogenized in 9 mL ice-cold PBS using an Ultra-Turrax T8 homogenizer (IKA Labortechnik, Staufen, Germany) and centrifuged at 3500 × g for 5 min at 4°C to collect the supernatants. Protein concentration in the supernatant fluids was determined using the bicinchoninic acid (BCA) assay (Pierce, USA) with bovine serum albumin (BSA) as a standard. Concentration of NO in the supernatants were measured with commercial kit (Jiancheng Bioengineering Institution, Nanjing, China).
Data analysis and statistics
The effects of L-arginine supplementation were assessed using the GLM procedure of SAS version 9.2 (SAS Institute, Cary, NC, USA) with pen (for the growth performance) or pig (for blood and tissue indexes) considered to be the experiment unit. Least-squares means and standard errors of the difference were calculated. P values less than 0.05 were considered to be significant. The linear and quadratic relationships among treatments were measured using REG procedure. The data are expressed as means with the standard errors of the means (SEM). Probabilities for the effect of L-arginine treatment and the linear and quadratic effects are presented.
Results

Growth performance
As shown in Table 3 , the initial BW did not differ among treatments. Compared with the controls, BW of piglets was increased by arginine treatment (P = 0.033) and showed linear (P = 0.005) and quadratic (P = 0.012) effects with increasing arginine supplementation. During d 11 and 21, and d 1 and 21, ADG of argininesupplemented piglets was higher than those of control pigs (both P < 0.05) and showed linear (both P < 0.05) and quadratic (both P < 0.05) effects with increasing arginine supplementation. ADFI of piglets was increased by arginine treatment (P = 0.027) and showed a quadratic effect (P = 0.018) when arginine supplementation increased. F:G ratio did not differ among treatments through d 1-21 of the experiment.
On d 31 of the experiment (10 d after weaning to the nursery diet), piglets given 8 g kg −1 supplemental L-arginine before weaning had higher BW (P = 0.039) than did the control pigs. Piglets had higher ADG and lower F:G ratio (both P < 0.05) by 8 g kg −1 L-arginine treatment before weaning and showed linear increase and decrease (Both P < 0.05) with increasing arginine supplementation. ADFI did not differ among treatments during d 22 and 42.
Small intestinal morphology Table 4 shows the mucosal development of piglets on d 42 of experiment. Increasing arginine concentration in pre-weaning diet showed both linear (all P < 0.05) and quadratic (all P < 0.05) effects on villous height in the duodenum and jejunum, villous area in the duodenum and jejunum, and crypt depth in the ileum of the piglets. Arginine supplementation linearly increased the villous height in the ileum of the piglets (P = 0.032). Compared with the control piglets, those supplemented before weaning with 8 g kg −1 L-arginine had increased villous height in the duodenum, jejunum, and ileum (all P < 0.05), as well as increased villous area in the duodenum and jejunum (both P < 0.05). Crypt depth in the ileum was 62% greater (P < 0.05) in piglets supplemented with 8 g kg −1 L-arginine compared with the controls.
When pre-weaning supplementation used 4 g kg −1
L-arginine, villous height in the duodenum and relative weight of the small intestine showed an intermediate response (both P < 0.05). There were no differences in the ratio of villous height to crypt depth.
Plasma concentrations of amino acids
At the end of feeding milk replacer on d 21, increasing arginine concentration had linear and quadratic effects Note: Piglets were fed a milk replacer diet supplemented with and without L-arginine from experimental d 1-21 and then weaned to the same corn-soybean meal diet, without further supplementation of L-arginine, for another 21 d. Values are means (n = 6). Means within a row with different italic letters differ (P < 0.05).
(both P < 0.05) on plasma concentration of ornithine (Table 5) . Arginine supplementation linearly increased plasma concentration of lysine (P = 0.023). Compared with the controls, plasma concentrations of arginine, proline, and ornithine were increased by supplementation with both 4 and 8 g kg −1 L-arginine (all P < 0.05).
Supplementation of 8 g kg −1 L-arginine significantly increased plasma level of glutamine than did the controls (P = 0.024). No significant difference was observed between treatments in plasma levels of the abovementioned amino acids, measured 3 wks after weaning.
Concentrations of insulin and growth hormone
Plasma concentrations of growth hormone did not differ on either d 21 or d 42 among the 3 groups of pigs Note: Piglets were fed a milk replacer diet supplemented with and without L-arginine from experimental d 1-21 and then weaned to the same corn-soybean meal diet, without further supplementation of L-arginine, for another 21 d. Values are means (n = 6). Means within a row with different italic letters differ (P < 0.05). Note: Piglets were fed a milk replacer diet supplemented with and without L-arginine from experimental d 1-21 and then weaned to the same corn-soybean meal diet, without further supplementation of L-arginine, for another 21 d. Values are means (n = 6). Means within a row with different italic letters differ (P < 0.05).
(P > 0.05; Table 6 ). Compared with the controls, the piglets supplemented with 8 g kg −1 L-arginine before weaning had higher insulin concentration (P = 0.030) on d 21 and this difference was still observed on d 42, 3 wks after supplementation ceased. Table 7 shows the mucosal protein and NO contents at d 42 of experiment. Increasing arginine supplementation showed linear (both P < 0.05) and quadratic (both P < 0.05) effects on mucosal protein contents in the duodenum and jejunum, as well as a quadratic effect on duodenal NO content (P = 0.009), in piglets. Compared with the controls, both 4 and 8 g kg −1 L-arginine significantly increased mucosal protein contents in all 3 intestinal segments (all P < 0.05). Piglets supplemented with 4 g kg −1 L-arginine had higher (P < 0.05) concentrations of NO in mucosal extracts of the duodenum and jejunum, compared with controls.
Mucosal protein and NO concentrations
Discussion
The hypothesis of pre-weaning supplementation with L-arginine having a favorable effect on small intestinal development and function in piglets carrying over to the early post-weaning period was examined. The supply of L-arginine was controlled precisely by use of artificial rearing for 21 d on a milk replacer diet that otherwise simulated sow's milk; supplementation provided 50% or 100% additional L-arginine. After this treatment period, all piglets were then raised on a nursery diet, typical of those used in the swine industry. In practice, piglets weaned to such dry-feed diets experience maladaptation, stemming from immaturity of the small intestine, greater vulnerability to inflammation and infection, diarrhea, and suboptimal growth performance.
Supplemental pre-weaning L-arginine at both levels significantly improved weaning BW at d 21, stemming from higher ADFI and ADG, especially during the second 10-d period on milk replacer. Similarly, Leibholz (1982) found that compared with the basal milk replacer (provided 192 g crude protein and 7.5 g arginine per kilogram of diet), dietary supplementation with 4 g kg −1 arginine (totally 11.5 g kg −1 in the diet) significantly increased BW of piglets by 93% during 3-14 d of age. Kim et al. (2004) also found in milk replacer (providing 250 g crude protein and 6.7 g arginine per kilogram of diet) for Note: Piglets were fed a milk replacer diet supplemented with and without L-arginine from experimental d 1-21 and then weaned to the same corn-soybean meal diet, without further supplementation of L-arginine, for another 21 d. Values are means (n = 6). Means within a row with different italic letters differ (P < 0.05). Note: Piglets were fed a milk replacer diet supplemented with and without L-arginine from experimental d 1-21 and then weaned to the same corn-soybean meal diet, without further supplementation of L-arginine, for another 21 d. Values are means (n = 6). Means within a row with different italic letters differ (P < 0.05).
7-d-old piglets, supplementation with 4 g kg −1 arginine significantly increased BW of the pigs at d 14 and 21 of age. Southern and Baker (1983) suggested that dietary arginine deficiency (final dietary arginine level <4.8 g kg −1 ) inhibited ADG and feed efficiency. These data support the notion that arginine availability may be rate-limiting for growth in young piglets and that dietary L-arginine has a growth-promoting effect. The carry-over effects on BW and ADG were still evident, though less striking between d 31 and d 42 and for the whole post-weaning interval. Although ADFI through the post-weaning period was not affected by arginine treatment before weaning, it has been previously proved that arginine supplementation improved the efficiency of nutrient absorption and utilization in young pigs (Huang et al. 2011) . The enhanced performance of piglets provided with extra arginine before weaning and this being maintained into the immediate post-weaning period was likely a reflection of the status of the small intestine. Others have shown that 8 g kg −1 additional arginine (totally 1.52 g arginine per complete diet) increased the height and area of intestinal villi in the jejunum of milk-fed piglets (Huang et al. 2011 ) and, post-weaning, supplementation with 6 g kg −1 L-arginine (totally 16.9 g kg −1 complete diet) for 1 wk enhanced the villous height and crypt depth of the small intestine, while ameliorating the usual gut atrophy in piglets weaned at 21 d (Wu et al. 2010) . The results obtained here show comparable effects of extra arginine on the small intestine, but they were evident 21 d after supplementation was discontinued at the time of weaning. Most obvious as a result of the higher level of arginine, the relative weight of the whole small intestine was about 10% higher than those in control animals and was related to increased protein content, as well as a more developed mucosa with longer villi and increased area. These changes were not entirely consistent across the 3 segments; for example, height and area were maximally affected in the duodenum (about 130% of control), whereas deepest crypts were in the ileum (about 160% of controls). In addition to the effect on mucosal protein, an index of both level of differentiation of mucosal cells (Sanderson et al. 1994) , and their functional maturation (Johnson 1988) , arginine may influence intestinal development via its metabolite NO. The mucosal content of NO in the duodenum and jejunum was most notably increased after pre-weaning supplementation with 4 g kg −1 L-arginine and, because NO can increase intestinal blood flow (Wu and Morris 1998) , would be expected to improve absorptive and other mucosal functions. Clearly, the earlier supplementation resulted either in protecting the mucosa from weaning-associated atrophy or in stimulating its post-weaning development, assessed here at 3 wk after weaning. This is a novel finding and is likely to be of consequence to intestinal function during the transition of young piglets to a solid-feed diet.
As found earlier Tan et al. 2009; Yao et al. 2008) , dietary supplementation with arginine increased arginine availability and growth performance at the time of weaning. Plasma-free proline, glutamine, and ornithine, which are important precursors for de novo synthesis of L-arginine (Wu and Morris 1998) , were also markedly increased by the higher level of arginine supplementation at weaning and were numerically higher even 3 wk later. The possibility exists that consumption of these amino acids mentioned above for arginine synthesis was spared by providing additional amounts of the latter directly to the intestinal mucosa.
Arginine stimulates the secretion of insulin (Flynn et al. 2002) and concentrations here were quite obviously increased, both at d 21 and at d 42; concentrations of growth hormone were unaffected. Insulin plays an anabolic role in promoting the uptake of precursors for synthesis of glycogen, protein, and fat, and suppresses catabolism generally, all consistent with the increased performance of the piglets supplemented with L-arginine. The carry-over effect presumably reflects the persistently elevated plasma concentrations of arginine, but mediation by changes in other incretins cannot be ruled out. At this time, possible changes in insulin sensitivity resulting directly or indirectly from the pre-weaning treatments are unknown.
In conclusion, this study demonstrated that L-arginine supplementation of milk replacer had a positive carryover effect on subsequent growth performance and intestinal development during the immediate postweaning period of young piglets. The precise mechanisms underlying these responses are not clear but may include a sparing of other amino acids from their use for de novo arginine synthesis, providing otherwise ratelimiting arginine for mucosal development, partly offsetting of intestinal atrophy. How this carry-over effect of pre-weaning arginine supplementation is mediated and other consequences on intestinal function are presently being investigated.
